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Introduction
The increasing usage of  carbon-based composite in aeronautic 
and aerospace industries introduces new demands and raises new 
challenges on real-time monitoring modes and demands for high-
level accuracy, non-detractive testing, and evaluation (NDT/E). 
These materials are recognized for their high toughness, mechani-
cal resistance, immunity to corrosion (metallic components) and 
their very light weight [1].
In most of  the cases, the low energy of  an impact will not indent 
the surface, yet it will reduce the loading resistance and decrease 
the integrity of  layer adhesion. In some rare cases, some visible 
cracks might appear. Thus, the main detection and evaluation of  
damages in composites are guided by the fact that damages and 
defects are not visible or visually recognizable and might occur 
in many different forms. Yet, these damages and defects could 
reduce the overall strength of  the composite component.
Facing these problems, different NDT/E and non-contact meth-
ods and techniques suitable for impact damages and defects are 
much needed. Up to now, methods such as infrared thermography 
[2], X-Ray Radiography [3], ultrasonic inspection [4], mechanical 
independent analysis, and 3-D computed tomography [5] are used 
to evaluate the defects on specimens. Recently, the Lamb waves, 
or elastic ultrasonic waves, which exist in thin plate-like structures, 
are successfully implemented by structural health monitoring 
(SHM) systems. Due to a low material and geometrical attenu-
ation and respectively narrow wavelength, Lamb waves interact 
even with low levels of  damage [6]. However, the complex prop-
erties concerning existence of  at least two basic modes, a symmet-
ric (S0), and simultaneously, an anti-symmetric (A0) mode, which 
under special conditions can convert into each other (particularly 
in composite materials) must be addressed and reduced before the 
data can be utilized for signal processing and information extrac-
tion. Nevertheless, the Lamb waves are interesting for monitoring 
of  light-weight CFRP (carbon fiber reinforced plastics) structures, 
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and for real-time monitoring purposes. Unlike other approaches 
that detect structure damage after it has evolved, by using Lamb 
waves, real-time damage interpolation can be detected.
While numerous solutions previously proposed for aluminum 
structures, the anisotropic nature of  composite materials makes 
the problem even more complex. The ability to locate an acoustic 
emission (AE) source for monitoring structural integrity might 
reveal the formation of  cracks and impacts. The majority of  
methods are based on the time of  arrival (TOA) of  the AE sig-
nal using a triangulation technique in order to estimate the loca-
tion of  an AE; e.g., an impact. In carbon-based material, where 
the velocity may differ in relation to the angle on which the AE 
signal propagates, such approach may cause a significantly large 
error, since any noise can drastically alter the result. In determin-
istic triangulation-based methods, the TOA is mainly evaluated 
by threshold-crossing peak-signal correlation [7], and recently, 
the continuous-wavelet-transform (CWT) has been engaged for 
that purpose. The most recent studies proposed the CWT as a 
method of  finding the TOA of  dispersive AE waves [8-11]. All 
these methods are based on prior knowledge by requesting the 
sensor location and velocity of  the AE signal before estimating 
the impact location, mainly using triangulation technique [12-15]. 
As previously mentioned, these methods can be considered as 
deterministic methods and since the velocity of  the AE wave is 
strongly dependent upon orientation, they underperformed on 
composite materials.
The alternative approach utilizes a probabilistic principle in order 
to estimate the location of  an AE source [10]. The main assump-
tion of  these models is that due to the physical properties of  the 
material and physical principles of  the deterministic approaches 
both error and uncertainties are always unavoidable, even when 
using the CWT method. Therefore, these methods must yield an 
internal (inherent) error. However, even though these methods do 
allow for an uncertainty in the wave velocity, they do not account 
for the orientation-dependent property of  a composite structure 
[11].
In fact, the majority of  studies combine parts of  the probabilistic 
approaches with the orientation-dependent wave velocity of  the 
composite in order to improve the AE source location in a plate-
like structure [16-19]. Numerous studies are developing a simulat-
ed procedure in order to incorporate noise level and identify the 
AE source location. These experimental studies are conducted on 
several composite panels in order to validate and further develop 
the suggested algorithm.
The main aim of  the present study is to apply a simulating ap-
proach in order to estimate the AE location on carbon-based 
plate-like structures, with a durable noise-reduction technique and 
a velocity independent model. Experimental study of  dedicated 
stiffened carbon-epoxy panels is being conducted to validate the 
proposed localization method.
Methodology
Lamb waves
Lamb-wave theory refers to the movement of  mechanical waves 
in a thin free plate. The waves move on the upper and lower parts 
of  the free plate. This theory is developed and documented in a 
multiple number of  textbooks and articles [14, 16]. The following 
section will introduce the basic concept for the analysis of  such 
waves.
The wave equations are presented by Equations 1 and 2.
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Where 𝜙 and 𝜓 are two potential functions, 𝑐2𝐿=(𝜆+2𝜇)/𝜌 and 
𝑐2
𝑇
=𝜇/𝜌 are the pressure and shear wavespeeds, 𝜆 and 𝜇 are the 
Lame constants, and 𝜌 is the density. It is assumed that the time 
dependence is harmonic in the form of  𝑒−𝑖𝜔𝑡. Therefore, the solu-
tion of  Equation 1 is given by Equations 3, 4 and 5.
𝜙 = (𝐴1 sin 𝑝𝑦 +𝐴2 cos 𝑝𝑦 )𝑒𝑖(𝜉𝑥−𝜔𝑡)  ----- (3)
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Where 𝜉 = 𝜔/𝑐 is the wave number and
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The four integration 𝐴1, 𝐴2, 𝐵1, 𝐵2 constants will be found by the 
boundary conditions. Using the relations between them result in 
Equations 6 and 7.
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From that we obtain
𝑢
𝑥
= [(𝐴2𝑖𝜉cos 𝑝𝑦 +𝐵1𝑞 cos 𝑞𝑦 )+(𝐴1𝑖𝜉sin 𝑝𝑦 −𝐵2𝑞sin 𝑞𝑦 )]
𝑒𝑖(𝜉𝑥−𝜔𝑡) ----- (9)
𝑢𝑦 = [−(𝐴2𝑝 sin 𝑝𝑦 +𝐵1𝑖𝜉 sin 𝑞𝑦 )+(𝐴1𝑝 cos 𝑝𝑦 −𝐵2𝑖𝜉 cos 𝑞𝑦 )]
𝑒𝑖(𝜉𝑥−𝜔𝑡) ----- (10)
There exist two forms of  motion, symmetric and anti-symmetric, 
which correspond to the two Equations 9 and 10. In order to 
calculate free wave motion, the homogenous solution needs to 
be derived by applying the stress-free boundary condition at the 
surfaces (𝑦 =±𝑑, where 𝑑 is half  the thickness of  the plate) so that 
the compact form known as the Rayleigh-Lamb equation can be 
obtained:
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Where +1 describes the symmetric (S) mode and -1 describes the 
anti-symmetric mode (A).
There is an inherent relationship between these equations, in par-
ticular the angular frequency 𝜔 and the wave number along with 
other coefficients that yield different Lamb-mode shapes desig-
nated as:
𝑆0, 𝑆1, 𝑆2 …𝑎𝑛𝑑 𝐴0, 𝐴1, 𝐴2…
Corresponding to symmetric and anti-symmetric respectively. 
Due to this relationship, the wave speed will change according 
to the excitation frequency and produces wave dispersion. For 
every plate thickness and frequency, the predicted wave speed will 
change. This model is for isotropic infinite plates. While in real-
ity the carbon-based composite are neither isotropic nor infinite. 
This model gives a close approximation and understanding for the 
behavior and interaction of  waves in a plate and with delamina-
tion. By using TOA analysis of  Lamb waves, the impact location 
can be predicted and estimated.
TOA Determination
A superposition of  longitudinal and shear modes are the funda-
mental parameters of  guided Lamb waves. The propagation char-
acteristics of  these waves vary with entry angle, excitation, and 
structural geometry. A Lamb mode can be either symmetric (S0) 
or anti-symmetric (A0) as formulated by [20]. Detailed experimen-
tally measured attenuation coefficients of  Lamb waves in differ-
ent composite structures are reported by [21].
For a given material, the Lamb-wave frequency is related to the 
wave number and plate geometry. The dispersion of  an AE source 
mainly corresponds to the dispersive curves of  infinite Lamb 
modes. While both modes are excited directly by the source, after 
some time the modes are clearly separated. This phenomenon is 
explained by the different wave velocities, whereas the reflected 
or converted modes are named in a different manner. If  a Lamb 
wave is excited by an impact event, at least two primary groups of  
waves travel through the plate with different propagation veloci-
ties. Such as, the group velocity of  the A0-mode varies for the dif-
ferent frequencies it is excited with different group velocities. In 
this study, several different methods for extracting the TOA from 
an AE event signal are examined.
Threshold-crossing method: A threshold of  25 dB is defined 
as the TOA of  the AE signal. This value was determined based on 
the average environment noise. In several experiments, a smaller 
negative value is defined as a threshold, this negative value is sup-
ported by an observation that white noise values rarely crosses 
the zero value while actual impact signal normally crosses it. This 
method works relatively well for small distances of  wave propa-
gation. However, since AE signals are dispersive, these methods 
might be influenced by attenuation that causes a lag in time deter-
mination in relation to the distance, since sensors that are posi-
tioned further from the AE location will have a lower maximum 
amplitude and a fixed threshold will be triggered by different 
points of  the wave. In order to overcome this lag, a percentage-
based threshold-crossing method was introduced. The threshold 
is determent by a certain percentage of  the signal’s peak value 
(Equation 12).
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑝 ∗ max (𝑠𝑖𝑔𝑛𝑎𝑙) ----- (12)
Where p is the percentage of  the signal and max (𝑠𝑖𝑔𝑛𝑎𝑙) is the 
peak value of  the signal as illustrated in Figure 1 on a recorded 
pencil-break signal.
Figure 1. An example of  a signal produced from a me-
chanical pencil break as recorded by a sensor. Showing the 
threshold determined by the percentage-crossing method; 
the red line shows the determined threshold.
Wavelet-based TOA determination: The CWT is employed on 
the recorded AE signal in order to convert it to a time-frequency 
domain used to extract the time. This method is executed by the 
following modes: first, a mean of  all wavelet scale-intensities is 
calculated, resulting in a time mean-intensity plot. On this plot, a 
threshold is used to determine the TOA. The second mode ap-
plies a specific scale of  the wavelet map calculated with the Moral 
function. Usually a scale of  ten is used corresponding to the 𝑠0 
mode, although one can use a scale with maximum correspond-
ences with other propagating modes optimized to the recorded 
AE signal. On the intensity plot of  the specific scale, the TOA is 
determent by a threshold.
The applied CWT is described by Equation 13, where a > 0 and 
* denotes a complex conjunction, a is the scale of  the function in 
the WT that corresponds to the frequency; and b is a shift variable 
of  the function, which is a shifting and scaling variables of  the 
original wavelet 𝜑(𝑡).
 
1( , ) ( ) * tt bWTf a b f t d
aa
ϕ
∞
−∞
− =  
 ∫  and 
.
1( )a b
t bt
aa
ϕ ϕ − =  
   ---
(13)
In WT, there is a relation between the scale factors 'a' to the signal 
frequency; higher scales correlate with a higher frequency. One 
can view the process as a sliding window for both parameters a 
and b, where changing a yields a different frequency correlation 
and changing b yields the correlation of  the function of  a specific 
part of  the input function (signal) 𝑓(𝑡).
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In this study, the Morlet function is used as the wavelet mother 
function. The Moral function satisfied the mother function con-
ditions and is defined by Equation 14.
21 1
4 2( ) ( )
t i tet c e kσσ σ σψ π
−
= −  ----- (14)
Where 𝑘
σ 
=  𝑒−1/2σ2 is defined by the admissibility criterion and the 
normalization constant c
σ
 (Equation 15).
c
σ 
= (1+e−σ2−2e−3/4σ2)−1/2 ------ (15)
Figure 2. TOA on the same signal using different method 
of  TOA determining: a is the wavelet, b is the wavelet scale 
50 percent 0.2, c is the wavelet scale 10 percent 0.2, d is the 
percentage threshold, e is the threshold.
Impact detection
In order to identify the impact location, the proposed model uti-
lizes a minimization technique, for minimizing the error between 
a measurement of  AE TOA and a simulated TOA from a specific 
location. For an AE caused by an impact, the TOA is determined 
based on the methods in Section 2.1. The AE signal is detected by 
PZT sensors, whereas the AE event is defined to be a signal that 
is stronger than a threshold of  25 dB in all sensors. Once an AE 
event is detected, the TOA is extracted from the detected signals 
and each sensor is stamped with a time relative to a global experi-
ment time. Once obtained the measured time is then considered 
to be a true AE event time. Between each sensor pair 𝑠𝑖, 𝑠𝑗, the 
time delta (differences) is calculated and is defined to be the meas-
ured delta time of  arrival and noted as Δ𝑡
𝑖𝑗
𝑀. An AE event is then 
simulated by assuming that a wave has started to propagate from a 
point (𝑥
𝑖𝑚𝑝𝑎𝑐𝑡
, 𝑦 
𝑖𝑚𝑝𝑎𝑐𝑡
) at a certain velocity V that may vary depend-
ing on its orientation relative to the panel and then calculating the 
TOA to each of  the sensors based on their known position.
For real carbon-based plate-like structures with N sensors, a 
threshold is set above the background noise to initialize the re-
cording of  the signal by the sensors. Once the signal crosses the 
threshold, it is recorded and viewed as an AE event. The initial 
time of  the AE is unknown; therefore, the time differences be-
tween the sensors are calculated. Recording sensors have an inter-
nal global time that is used for synchronization purposes between 
sensors, from TOA relative to the global experiment time. The 
time differences are derived according to Equation 16.
Δ𝑡
𝑖𝑗
𝑀 =  𝑡𝑖 - 𝑡𝑗 ----- (16)
Where 𝑡𝑖, 𝑡𝑗 are TOA determined from the signal based on the 
method in Section 2.1 relative to the global experiment time, 
where Δ𝑡
𝑖𝑗
𝑀 is the measured time difference between a sensor pair 
i, j. Note that for N sensors there are 𝑁(𝑁−1)/2 sensors pairs; 
the multiplicity in the number of  sensors is beneficial for both 
measurement TOA noise reduction and error- cancelation in ve-
locity estimation. In the proposed model, the AE wave propaga-
tion velocity in a composite and its resulting delta TOA is defined 
by Equation 17.
2 2 2 2( ) ( ) ( ) ( )
( )
impact i impact i impact i impact iS
ij
x x y y x x y y
t
V θ
− + − − − + −
∆ =
 ----- (17)
Where (𝑥
𝑖𝑚𝑝𝑎𝑐𝑡
, 𝑦 
𝑖𝑚𝑝𝑎𝑐𝑡
) are the coordinates of  the simulated im-
pact and (𝑥
𝑗
,𝑦 
𝑗
) are the ith and jth sensor coordinates, 𝑉(𝜃) is the 
AE wave velocity in direction 𝜃, at a specific frequency. In the pre-
sented study, the velocity is treated as a constant in every direction 
of  panel orientation; i.e., ∀ 𝜃∶𝑉(𝜃)= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, although in real 
life this is not necessarily the case. In this study, it yielded suffi-
cient results. However, the suggested model can take into account 
and simulate the change in velocity in relation to panel orientation 
if  the velocity to orientation dependency function is known.
In order to find the most likely AE event source location, an in-
tensive search for (𝑥
𝑖𝑚𝑝𝑎𝑐𝑡
, 𝑦 
𝑖𝑚𝑝𝑎𝑐𝑡
) coordinates minimized the fol-
lowing expression (Equation 18).
( )S Mk l ij ije t t
µ= ∆ −∆
 ----- (18)
Where 𝑒
𝑖𝑗
 is a matrix, cell 𝑘, l holds the difference between the 
simulated delta TOA and the measured delta TOA for a sensor 
pair i, j. This can be viewed as a map where each point on the 
map shows the similarity between the measured delta TOA and 
the simulated delta TOA for that point on the map. Cells 𝑘, l 
correlate to a location on the panel with coordinates of  (𝑥
𝑖𝑚𝑝𝑎𝑐𝑡
, 
𝑦 
𝑖𝑚𝑝𝑎𝑐𝑡
) depending on the simulating grid density and range, and 𝜇 
is a tolerance parameter used to adjust the error generality. Small 
values (<1/2) yield a more specific location by giving small-error 
values only for the points on the map with very low differences. 
Large values (>2) yield a broader estimation of  location in the 
map by allowing for not so small differences to have a small value 
as illustrated in Figure 5.
, ,i j N i jE e∈=∑  ------ (19)
In Equation 19, E is the sum of  all the error “maps” between 
each sensor pair. We will choose (𝑥
𝑖𝑚𝑝𝑎𝑐𝑡
, 𝑦 
𝑖𝑚𝑝𝑎𝑐𝑡
) that minimizes 
the combined error maps as the predicted point of  AE event 
source location.
According to Figure 4, if  a wave’s propagating velocity is constant 
and does not change in respect to panel orientation; two sensors 
can be viewed as defining a parabolic line for a constant time 
difference (parameter C). For a given time difference C between 
two sensors (e.g., CH1 and CH2), every point on the following 
parabolic line will generate a wave propagation that will result in 
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the time difference C between the TOA to sensor CH1, CH2 as 
illustrated in Figure 4. By using more than two sensors, the para-
bolic lines created by each sensor pair will intersect at the point of  
impact or origin of  the wave propagation.
Figure 3. Illustration of  AE propagation on a plate.
Figure 4. Illustration of  the geometric location that holds 
ΔT = Constant between two sensors.
In reality, due to the inherent uncertainty level of  the measure-
ment, the parabolic line only represents the lowest difference 
between the delta TOA of  two sensors and the simulated AE 
event location delta TOA, namely "error map." Since the final AE 
event impact location estimation is the combination of  all sensor 
pairs and their corresponding error maps, the value of  𝜇 (given 
in Equation 18) has a significantly strong effect on prediction and 
error cancelation: High values of  𝜇 make for a wider spread on 
the lowest error line; and a low value makes for a sharper lowest 
error line, as illustrated in Figure 5.
Results
Experimental setup and velocity test
A setup consists of  two carbon-fiber woven fabric, epoxy pre-
impregnated reinforced polymer (CRFP) panels in various sizes, 
and an AEwin Mistras system (with 8-channel, 16 bit, 400 kHz 
bandwidth, PCI bus-card capable of  simultaneously recording 
data from eight PZT sensors) is used to test the proposed model. 
The panel dimensions are 593 x 590 mm. Both have 12 layers 
of  carbon fiber in an alternating 0/90-45/45 orientation. The 
system includes eight 180 kHz main-frequency 14 mm circular 
PZT sensors amplified by a 43 dB pre-amplifier. The sensors are 
denoted S1-S8, and are placed in various configuration on the 
CRFP panels. Both a full 8-sensor configuration and more mod-
erate 5-sensor configuration are tested and recorded. Figures 6 
and 7 illustrate the panel and sensor locations (Table 1), as well as 
known impact locations (Table 2). Using our method for identify-
ing TOA we avoided the echo from boundary conditions, also we 
gave a small gap and reinforce the edges of  the plates with damp-
ers to lower their effects.
Figure 6. Illustration of  experiment setup, black dots indi-
cated sensor location, crossed circles the AE event location, 
and broken rectangles are the rubber braces.
Figure 7. System picture.
In the present study, both mechanical pencil-lead break and steel-
ball drop are used to induce the AE event, a single impact pro-
Figure 5. Side view of  different μ values on the spread of  error: in a μ = 2, in b μ = 1, in c μ = 1/2.
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duced by the mechanical pencil as the tip break which allows for 
a more control measurement and separation of  signal location. 
With the steel ball there are secondary impacts as the ball bounces 
following the first impact, to avoid referring to secondary impact 
signal only the first AE event from all sensors is captured and 
processed. For the location prediction, a fixed velocity is used, 
even though it is possible to decrease error by using the direction-
dependent velocity profile of  the panels to simulate AE wave 
propagation velocity instead of  a fixed velocity in every direction, 
which was not used in this study since the profile was unknown. 
Likewise, the model’s inherent degree of  freedom allows estimat-
ing the AE event source location without any prior knowledge of  
group velocity. In fact, a suggested method is finding a velocity 
that minimizes the error area on the map or choosing a veloc-
ity that minimizes the uncertainty of  impact location prediction 
characterized by a minimal error estimation value. This aspect of  
the study needs further research but initial result indicates that by 
choosing a specific velocity for every impact the estimation loca-
tion error can decrease.
An additional experiment is conducted in order to confirm the 
previous results. In this experiment, an 8-PZT sensor setup is 
suggested. The sensors are placed on the panel in a grid forma-
tion (see detailed coordinates in Table 3 and Figure 8) and AE 
impact events from three different locations are induced using 
pencil-lead break.
Figure 8: Illustration of  8 sensors setup, black dots indi-
cated sensor location, crossed circle the AE event location, 
and broken rectangles are the rubber braces.
The three impacts are located internally or inside the sensor field 
(see detailed coordinates in Table 4 and Figure 8). The estimated 
velocity of  5700 m/s is used as the model velocity.
A velocity determining experiment is conducted to measure the 
AE group velocity. In this experiment, two sensors with a distance 
of  400 mm between them are placed on a 12-layered panel woven 
in a 0/90, -45/45 pattern of  size 593 x 590 mm. The AE emission 
is induced on top of  these two distanced sensors. The first sensor 
acts as a trigger and the TOA from sensor A to sensor B is meas-
ured. The experiment was repeated for different ranges of  AE 
emission location starting at 50 mm to 150 mm ahead of  sensor 
A. Furthermore, testing the influence of  panel orientation on the 
velocity, the sensors rotated 10 degrees with respect to the panel 
boarders until completing 90 degree then repositioned in another 
corner as illustrated in Figure 6.1. The velocity is concluded to be 
around 5400 m/s with a variance of  500 m/s depending on the 
orientation angle.
Figure 6.1. Illustration of  velocity experiment setup, black 
dots indicated sensor location, crossed circle the AE event 
location, and broken rectangles are the rubber braces.
Experimental results
The modeled results for predicting the AE source location is pre-
sented in Figure 9, showing the different impacts and their cor-
responding predicted location. The numerical results are reported 
in Tables 4, 5 and 6.
Following the results of  the velocity experiment, this model uses 
a fixed velocity of  5400 m/s. The TOA is obtained using all the 
previously described methods (sub-paragraph 2.1). Both 𝜇 values 
(𝜇 = 2 in Table 4 and 𝜇 = ½ in Table 5) are used to predict the 
location by calculating the error estimator every 0.5 mm. Tables 
10-11 show the prediction errors using various 𝜇 values. One can 
see that it produces slightly different results. The error maps are 
shown in Figure 10.
Table 1. Coordinates of  sensors on panel of  (593x590) in mm.
Coordinate CH1 CH2 CH3 CH4 CH5
X 120 270 426 285 446
Y 365 225 383 488 200
Table 2. Coordinates of  AE event source location on panel of  (593x590) in mm.
Coordinate P1 P2 P3 P4 P5 P6 P7 P8
X 100 70 120 516 329 228 404 554
Y 162 203 501 523 314 346 96 95
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Table 3. Coordinates of  sensors on panel of  (593x590) in mm and coordinates of  AE event source location.
Coordinate CH1 CH2 CH3 CH 4 CH5 CH6 CH7 CH8
X 94 94 294 294 394 494 494 494
Y 98 498 98 398 498 98 198 498
Coordinate P1 P2 P3
X 194 394 94
Y 398 198 198
Table 4. Location prediction by threshold crossing and a velocity of  5400 m/s (results are identical for the percentage 
threshold) on panel of  (593x590) in mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
162 100 181 131.5 50.5
70 203 71.5 208.5 7
120 501 126.5 496 11.5
516 523 524.5 521.5 10
329 314 322 321.5 14.5
228 346 222 346.5 6.5
404 96 390.5 112.5 30
554 95 435.5 193 216.5
Figure 9. Illustration model output prediction of  AE emission location, RED circles indicate sensor position, a pink dot 
indicates impact position and a BLACK circle indicates actual impact: a shows inside sensor array impact with μ = ½; b 
shows inside sensor array impact with μ = 2; c shows outside sensor array impact with μ = 1/2; d shows outside sensor array 
impact with μ = 2.
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It is notable that the detection accuracy is highly correlated to the 
location of  an impact or AE event source location. The predic-
tion is more accurate for an interpolated location rather than an 
extrapolated location. This can be explained by the fact that inside 
the sensors field there will be a stabilizing effect by the opposite 
sensor that will in fact reduce error in location due to mistaken 
initial velocity estimation. Thus, each sensor will over/under esti-
mate the location, and the two will reduce the overall error. Fig-
ure 11 shows a case where the input velocity was higher than the 
physical velocity. Since four sensors over predicted the location, 
the one sensor left did not have enough influence to stabilize the 
error resulting in a shifted location of  the AE event the figure 
also illustrates the influence of  sensor deployment on prediction 
location of  an AE event.
However, in the extrapolation scene, when the impact is outside 
of  the sensor field, the input velocity error will not have that sta-
bilizing effect. In this case, since none of  the sensors can stabilize 
the error, the velocity estimation inaccuracy has an effect on the 
location prediction and therefore, the estimated location can be 
closer or further than the actual one.
Nevertheless, this property can be used to calibrate the velocity 
of  any unknown panel. One creates an impact outside the sensor 
field with a general estimation of  the velocity and then change 
the velocity until the predicted location is matched with the actual 
impact. Certainly, in an anisotropic composite panel the velocity 
will be accurate only for that panel orientation. Yet, the presented 
study results show a relatively high-accuracy level, despite the lack 
of  the true orientation/velocity dependence information.
Furthermore, the proposed model can be auto-calibrated to a ve-
locity by choosing an input velocity that minimizes the low-error 
area (Figures 12a, 12b, 12c) marked as the red area. Since the area 
of  low error is determined by a parabolic line from a pair of  sen-
sors and their correlated TOA difference, if  the area is small all 
sensors pairs agree internally and the input velocity for the pre-
dicted error is accurate.
Further study is required to confirm this assumption and acceler-
ate the running time. In the present experiments, the area size/
velocity graph is not concave and the calculation of  the minimum 
value is time consuming.
Ball-drop impact produces several wave modes and relatively 
different AE signal form in comparison to the pencil break, as 
shown in Figure 13. To account for the change, the TOA method 
parameters were slightly altered as indicated in Table 7-9. The 
different AE signal characteristics demand a different calibration 
mode.
The eight-sensor configuration was also examined. Its error map 
is shown in Figure 12. The multiplicity of  sensors resulted in im-
proved predictions as illustrated in Tables 10 and 11 with different 
𝜇 values.
Table 5. Location prediction by WT with a scale of  10 and a 20 percent threshold and a velocity of  5400 m/s on panel of  
(593x590) in mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
162 100 173 110 21
70 203 105 250 82
120 501 149.5 362 168.5
516 523 590.5 600 151.5
329 314 323 316 8
228 346 227 355 10
404 96 397 81 22
554 95 554.5 93.5 2
Table 6. Location prediction by threshold crossing and a velocity of  5400 m/s using a μ=2 (results are identical for the per-
centage threshold) on panel of  (593x590) in mm.
Actual
location
Predicted 
location
Distance
x y X Y ∆
162 100 181 131.5 50.5
70 203 72.5 209 8.5
120 501 126.5 496 11.5
516 523 525 522 10
329 314 328 315.5 2.5
228 346 224 349 7
404 96 390.5 114 31.5
554 95 600 47.5 93.5
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Theoretically this model is limited to 3 sensors as the minimal 
number of  sensors that will yield usable results. Every addition of  
a sensor will provide a higher guarantee of  the impact location up 
to a limit. As discussed the orientation of  sensors and their col-
laboration in combining the data also plays a rule in the outcome 
of  predicted location due to their ability to cancel each other er-
ror in the event of  measurement of  speed estimation error. Table 
12 illustrate the behavior of  the model with different number of  
sensors. To produce this table we simply excluded sensors from 
the computation of  the model from sensor 8 – 3 regardless of  its 
position on the board. Which yield interesting result, as seen in 
impact 2 in the table (P2) followed by several subtraction of  sen-
sor the prediction became an extrapolated problem rather than in-
terpolated one resulting in a poor measurement cancelation ability 
and a large estimation problem.
Discussion
In this paper, a novel approach for locating AE source emission 
on carbon-fiber material was presented. The model was devel-
oped and tested on real CFRP panels, emphasizing the presence 
of  surrounding noises. As opposed to [15] there the CWT is ap-
plied to determine TOA using a deterministic triangulation ap-
proach or [10] that proposes a truly probabilistic approach; the 
suggested model combines both cases along with a basic concept 
proposed by [11] to create a flexible method for determining the 
AE source emission location. While [10] focused his work on alu-
minum plates, we conducted our testing on composites and ena-
bled an orientation-dependent velocity approach that tackled the 
anisotropic nature of  composite panels [11]. raised questions and 
Figure 10. Illustration model output prediction of  AE emission location with 8 sensors, RED circles indicate sensor posi-
tion, a pink dot indicates impact position and a BLACK circle indicates actual impact: a shows inside sensor array impact 
with 𝜇=1/2; b shows inside sensor array impact with 𝜇=2; c shows inside sensor array another impact with 𝜇=1/2; d shows 
inside sensor array after impact with 𝜇=2.
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Figure 11. Shows the effect of  trying to locate an impact while having overestimated the velocity inside an asymmetrical 
sensor field, RED circles indicate sensor position, a pink dot indicates impact position, and a BLACK circle indicates actual 
impact.
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pointed to the need for advanced methods for composite materi-
als.
While [10] presented a solid probabilistic approach to locating 
AE emissions, his work was tested on aluminum plates with a 
unified orientation velocity pattern. This structure is uncommon 
in carbon-fiber plates due to its anisotropic nature. Therefore, a 
probabilistic approach may result with too many contradicting 
dimensions that overloaded the algorithms [15]. presented a tri-
angulation approach, retrieving highly accurate results, while lim-
iting the information to only three sensors. This combine data 
property helps in reducing both errors in measurement and in 
velocity [11]. Reported high-accuracy results applying both wave-
let and a quadratic dividing scheme for assessing the AE source 
location. These approaches drove our model to investigate both 
wavelets as a TOA-finding technique and resulting in simulating 
finding the source location.
Conclusion
This paper presents an investigation of  the ability to predict the 
location of  an AE source for a carbon composite based plate-
like structure while considering the anisotropic properties of  
carbon-based materials and measurement uncertainties. TOA of  
the wave emission is determined using several approaches such as 
CWT and threshold-crossing. Once the true TOA were obtained, 
a simulating model was developed to predict the AE source loca-
tion. The model is velocity dependent but can be calibrated easily 
in a real world application, and given the composite orientation 
dependency pattern, the velocity can be modified to predict with 
Figure 12. Illustration of  red area in relation to the velocity-illustration model output prediction of  AE emission location. 
RED circles indicate sensor position, a pink dots indicate impact position: a shows a red area when velocity is correct (v = 
5400 m/s); b shows the red area when velocity is incorrect (v = 4000 m/s); c graph showing red area vs velocity. It can be 
seen that it has a minimum at approximately 5500 m/s as the measured velocity.
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Figure 13. Illustrates a ball-drop signal recorded by a sensor.
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Table 7. Steel ball drop location prediction using threshold crossing and a velocity of  5400 m/s on panel of  (593x590) in 
mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
162 100 164.5 93.5 9
70 203 45 162 66
120 501 137 481 37
516 523 523 507.5 22.5
329 314 333.5 314.5 5
228 346 221.5 334.5 18
404 96 390 105 23
Table 8. Steel ball drop location prediction using percentage threshold and a velocity of  1200 m/s on panel of  (593x590) in 
mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
162 100 145.5 85 31.5
70 203 155.5 265 147.5
120 501 111 513.5 21.5
516 523 600 544 105
329 314 315.5 307 20.5
228 346 235.5 347 8.5
404 96 417 49.5 59.5
Table 9. Steel ball drop location prediction using WT and a velocity of  1200 m/s on on panel of  (593x590) in mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
162 100 139 75 48
70 203 45 255.5 77.5
120 501 108 492 21
516 523 600 581 142
329 314 341 308 18
228 346 183 345.5 45.5
404 96 421 40.5 72.5
Table 10. Location of  8 sensors using threshold velocity of  5700 m/s,  μ = 1/2 on panel of  (593x590) in mm.
Actual 
location
Predicted 
location
Distance
x y X Y ∆
19.41 39.81 18.8 40 6.3
39.41 19.81 39.6 19.3 5.4
9.41 19.81 9 19.4 5.7
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ever greater accuracy. The experimental study on carbon-fiber 
plates showed that the prediction is more robust inside the sensor 
field and unlike deterministic approaches; the presented model 
provided a likelihood of  an AE source location and enabled auto-
calibration of  the velocity.
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